sphaeroides. These results, combined with the observation that chemoautotrophic expression of the cbb I operon is RegA independent, indicated that the mechanisms controlling cbb I and cbb II operon expression during chemoautotrophic growth are quite different.
INTRODUCTION
The nonsulphur purple bacterium Rhodobacter sphaeroides utilizes the Calvin-BensonBassham (CBB) 1 reductive pentose cycle as its primary pathway for CO 2 fixation. In this metabolically diverse organism the CBB cycle plays two very different roles. Under autotrophic growth conditions, CO 2 serves as the sole carbon source and the CBB cycle is the primary source for nearly all of the fixed carbon utilized by the cell. This may entail aerobic chemoautotrophic growth in the dark (i.e. in a minimal medium lacking organic carbon under an atmosphere of 5%CO 2 -45%H 2 -50% air) or anaerobic photoautotrophic in the light (i.e. in a minimal medium bubbled with 1.5%CO 2 /98.5%H 2 ).
Photoheterotrophic growth in the presence of a fixed carbon source causes the role of the CBB cycle to shift, such that CO 2 serves primarily as an electron sink, with excess reducing equivalents generated by the oxidation of fixed carbon compounds funneled to to a number of environmental parameters such as the level of CO 2 and the reduction state of organic carbon compounds supplied for growth (7) (8) (9) (10) (11) . This independent regulation results in shifts in the relative abundance of proteins encoded within each operon. In general, growth under photoheterotrophic conditions, with a fixed (organic) carbon source, results in an excess of cbb II expression over cbb I . Maximal expression from both operons is observed under photoautotrophic and chemoautotrophic conditions; i.e., when CO 2 is used as the sole carbon source, with cbb I operon expression exceeding that for the cbb II operon (11) . In addition to the apparent independent regulation of cbb I and cbb II gene expression, a mechanism for interdependent regulation also exists that results in a compensatory increase in the expression of one operon when the other is inactivated (4, 7, 9, 10). The cbbR gene, which encodes a LysR-type transcriptional regulator, is located immediately upstream and divergently transcribed from cbbF I (12) and mediates this compensatory effect. CbbR is a positive regulator of the expression of both the cbb I and cbb II operons (12, 13) . The regA-regB (prrA-prrB) two component regulatory system, encoding sensor kinase RegB (PrrB) and response regulator RegA (PrrA), also plays a role in cbb regulation. Although originally identified as a regulator of photosystem biosynthesis genes in both R. capsulatus (14, 15) and R. sphaeroides (16) , the regA-regB (prrA-prrB) two component regulatory system was implicated in cbb regulation by genetic studies which demonstrated that a R. sphaeroides regB insertion mutant exhibited reduced cbb I and cbb II expression during photoautotrophic growth in a 1.5% CO 2 -98.5%
H 2 atmosphere (17) . It was subsequently shown that regA is required for cbb I and cbb II expression during incubation under photoautotrophic growth conditions (18) . It has also been demonstrated that RegA binds directly to cbb operon promoters in both R.
by guest on http://www.jbc.org/ Downloaded from capsulatus and R. sphaeroides (18, 19) . A growing number of studies have shown that the regA-regB (prrA-prrB) two-component system, and its homologs, regulate the expression of genes involved in a wide variety of metabolic processes such as nitrogen fixation and nitrogen metabolism (20) (21) (22) , hydrogen utilization and evolution (20, 22) , electron transport (23) and the oxidation of formaldehyde (24) .
The overall goal of our ongoing investigation is to understand the mechanism(s)
involved in the regulation of cbb gene expression in R. sphaeroides. Prior to this work, the primary model system for our cbb gene regulation studies was the R. sphaeroides cbb I
operon. Previous studies, using cbb I ::lacZ promoter fusions, showed that the cbb I promoter contains a promoter proximal region (-100 bp to +1 bp) that confers low-level regulated expression of cbb I that is CbbR-dependent (13 performed with the addition of 1.5% agar and anaerobiosis was achieved using a BBL Gas Pak anaerobic system (Becton Dickinson Microbiology Systems, Cockeysville, MD).
Triparental matings were performed using helper plasmid pRK2013 according to methods previously described (28) . Antibiotics were added to the media, as required, at the following concentrations (in µg/ml): for E. coli, ampicillin (100-200), tetracycline (12.5), spectinomycin (20) , and kanamycin (50); for R. sphaeroides, trimethoprim (50), kanamycin (25) , tetracycline (3.5), and spectinomycin (20) . total volume containing 50% eluted fraction, 36 % buffer A, 1.8 µg poly(dI-dC) . poly(dIdC), 10% glycerol and 20,000 cpm of 32 P-radiolabeled probe DNA. Gel electrophoresis was performed as previously described (13) . Gel mobility shift probes were generated by either filling in restriction fragment overhanging ends with DNA polymerase I Klenow fragment in the presence of [α-32 P] dCTP and dNTPs or PCR amplification using [γ- 32 P] end labeled oligonucleotides as described earlier for DNaseI footprint analysis. Gel mobility shift probes 1, 2 and 3 in Figure 5 were generated using the cbb II promoter restriction fragments XhoI/BamHI, XhoI/XcmI, and XcmI/BamHI, respectively. The oligonucleotide pairs used to generate probes 4, 5 and 6 in Figure 5 were cbbII-16:cbbII-3, cbbII-15B:cbbII-3 and cbbII-1:cbbII-2, respectively. (Fig. 3A, B, C, D) . Protection at the first site (site 1)
was found from -282 bp to -308 bp with DNase I hypersensitive sites occurring at -280 bp and -302 bp (Figs. 3A) . The second site (site 2) was widely separated from site 1 and consisted of protection from -583 bp to -601 bp with a hypersensitive site located at -597 bp (Fig. 3B) . The third RegA* binding site (site 3) protected the region from -733 bp to -749 bp with a hypersensitive site at -744 bp (Fig. 3C) . The fourth site (site 4) was comprised of an area of protection from -761 bp to -784 bp (Fig. 3C ). Protection at site 5 spanned the region from -836 bp to -851 bp with a DNase I hypersensitive site at -839 bp (Fig. 3D) . The final RegA* binding site (site 6) showed protection from -857 bp to -883 bp with DNaseI hypersensitive sites at -867 bp and -882 bp (Fig. 3D) . binding activities could also be separated using heparin sepharose affinity chromatography (data not shown). In order to more closely define the region of the cbb II promoter to which activity X binds, additional gel mobility shifts were performed using a heparin agarose fraction derived from extracts of R. sphaeroides grown under photoautotrophic conditions using DNA probes spanning various regions between -4 bp to -637 bp upstream of the cbb II transcription start (Fig. 5 A, B) . Activity X bound to probe 4 (spanning -91 bp to -650 bp) resulting in one "high intensity" shifted band and an additional less abundant more slowly migrating band. A gel mobility shift assay using the shorter probe 5, spanning -91 to -357 bp, produced a single "high intensity" shifted band.
Detection of cbb II promoter binding activities in extracts of
Use of probe 6 (spanning +41 bp to -149 bp) detected a single "faint" shifted signal. The The placement of the CbbR and RegA binding sites and the involvement of upstream sequences in regulated expression of the cbb II operon is summarized (Fig. 6) . Not surprisingly the regulation of the cbb II operon mirrored that of the cbb I operon with low expression during aerobic chemoheterotrophic growth and high expression during phototrophic growth. Maximal cbb expression during phototrophic growth has been shown to be dependent on cbbR as well as reg (12, 13, 18) . Thus far, the involvement of upstream activating sequences appears to be unique to R. sphaeroides as such sequences are not involved with the regulation of the cbb I and cbb II operons of the related organism R. capsulatus (19) .
The discovery that maximal aerobic chemoautotrophic expression of cbb II required regA was unexpected, given that chemoautotrophic expression of cbb I is regA Table I . 
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